Parkinson's disease, but its effects on neural activity in basal ganglia circuits are not fully understood. DBS increases the excitation of STN efferents yet decouples STN spiking patterns from the spiking patterns of STN synaptic targets. We propose that this apparent paradox is resolved by recent studies showing an increased rate of axonal and synaptic failures in STN projections during DBS. To investigate this hypothesis, we combine in vitro and in vivo recordings to derive a computational model of axonal and synaptic failure during DBS. Our model shows that these failures induce a short term depression that suppresses the synaptic transfer of firing rate oscillations, synchrony and rate-coded information from STN to its synaptic targets. In particular, our computational model reproduces the widely reported suppression of parkinsonian β oscillations and synchrony during DBS. Our results support the idea that short term depression is a therapeutic mechanism of STN DBS that works as a functional lesion by decoupling the somatic spiking patterns of STN neurons from spiking activity in basal ganglia output nuclei.
Introduction
High frequency deep brain stimulation (DBS) of the subthalamic nucleus (STN) is a widely used treatment for Parkinson's disease (PD), but its therapeutic mechanisms are not fully understood. An early hypothesis posited that DBS acts as an effective lesion by suppressing STN firing and thereby blocking the transmission of pathological spiking activity from STN to basal ganglia output nuclei. This hypothesis was supported by clinical observations that DBS has similar therapeutic outcomes for PD patients as lesions and is also supported by evidence that DBS decouples neural activity in STN from activity in globus pallidus (GP) (Moran et al., 2011a) . However, a growing wealth of evidence shows that DBS does not block STN synaptic output, but contrarily increases the synaptic excitation of STN efferents by eliciting action potentials along STN axons (Carlson et al., 2010; Hashimoto et al., 2003; Lee et al., 2004; McIntyre et al., 2004a; Miocinovic et al., 2006; Moran et al., 2011b; Reese et al., 2011; Windels et al., 2008) . This raises the question of how, or whether, DBS in STN blocks the transmission of pathological spiking activity from STN to basal ganglia output nuclei. We propose that this question is answered by recent studies showing that increased activation of STN axons during DBS elicits a form of short term depression believed to arise from a combination of axonal and synaptic failures (Ammari et al., 2011; Moran et al., 2011b; Shen and Johnson, 2008; Zheng et al., 2011) , consistent with similar findings during high frequency stimulation in other brain regions (Anderson et al., 2004; Anderson et al., 2006; Bugaysen et al., 2011; Erez et al., 2009; Feng et al., 2013; Iremonger et al., 2006; Kim et al., 2012; McCairn and Turner, 2009; Middleton et al., 2010) . Theoretical studies and empirical studies in other brain systems show that short term depression can suppress the synaptic transfer of low frequency oscillations, information and synchrony during periods of increased presynaptic spiking (Abbott et al., 1997; Goldman et al., 1999; Grande and Spain, 2005; Lindner et al., 2009; Merkel and Lindner, 2010; Rosenbaum et al., 2012a; Rosenbaum et al., 2012b) , and experimental evidence suggests that these effects can suppress the synaptic transfer of parkinsonian activity patterns during DBS (Ammari et al., 2011; Anderson et al., 2006) . In this article, we systematically explore the hypothesis that DBSinduced axonal and synaptic failure produce short term depression Neurobiology of Disease 62 (2014) 86-99 
